Abstract. MicroRNAs (miRNAs) are endogenous small noncoding RNAs (20 -23 nucleotides) that negatively regulate the gene expressions at the posttranscriptional level by base pairing to the 3' untranslated region of target messenger RNAs. Hundreds of miRNAs have been identified in humans and evolutionarily conserved from plants to animals. It is revealed that miRNAs regulate various physiological and pathological pathways such as cell differentiation, cell proliferation, and tumoriogenesis. By the computational analysis, it is predicted that 30% of protein-encoding genes are regulated by miRNAs. In this review, we discuss recent remarkable advances in the miRNA biogenetic and functional mechanisms and the involvements of miRNAs in cell differentiation, especially in hematopoietic lineages, and cancer. These evidences offer the possibility that miRNAs would be potentially useful for drug discovery.
Introduction
MicroRNAs (miRNAs) are endogenous short noncoding RNA molecules (20 -23 nucleotides) that regulate cell differentiation, cell proliferation, and apoptosis through post-transcriptional suppression of gene expression by binding to the complementary sequence in the 3' untranslated region (3'UTR) of target messenger RNAs (mRNAs) (1) . Hundreds of miRNAs have been identified in humans and they are evolutionarily conserved (1, 2) . In addition, the presence of up to 1000 miRNAs is estimated by computational analysis (3) . Strikingly, 30% of protein-encoding genes in humans are predicted to be regulated by miRNAs (4) . Recently, it has been revealed that altered expression of specific miRNA genes contributes to the initiation and progression of diseases such as cancer (5 -10) . This review focuses on the biogenetic and functional mechanisms and the involvements in cell differentiation and cancer in mammalian miRNAs and the utility of miRNAs in drug discovery.
Mechanisms of biogenesis and function
Most miRNA genes are located in the introns of host genes or outside genes. Unlike Drosophila, most of the human miRNA genes individually exist, although some human miRNAs are found in polycistronic clusters (5, 8, 9) .
The miRNAs are synthesized through multiple steps (Fig. 1) . Initially, the miRNAs are transcribed as long RNA precursors (pri-miRNAs) (11) . As pri-miRNAs usually contain the cap structure and the poly(A) tail, it is suggested that the transcription of miRNAs is carried out by RNA polymerase II (12) . The primiRNAs are processed into the precursors of approximately 70 nucleotides (pre-miRNAs) with a stem-loop structure and a two nucleotide 3' overhang by the RNase III enzyme Drosha and the double-stranded-RNA-binding protein DGCR8 / Pasha (13, 14) , and premiRNAs are exported from the nucleus to the cytoplasm by Exportin-5 in a Ran guanosine triphosphatedependent manner (15) . Pre-miRNAs exported in the cytoplasm are processed by another RNase III enzyme, Dicer, and only one strand (guide strand) as a mature miRNA is incorporated into a RNA-induced silencing complex (RISC) that mediates either target RNA cleavage or translational inhibition, while the another strand (passenger strand) is excluded. Which strand is incorporated in RISC is determined by the stability of the base pairs at the 5' end of the duplex (16, 17) . The incorporated guide strand guides the RISC to the complementary sequence in the 3'UTR of target mRNA. When the guide strand shares perfect or near perfect base pairing with the 3'UTR of target mRNA, the target mRNA is degraded by Argonaute2 (Ago2), a component of RISC (18) . On the contrary, when the guide strand shares partial base pairing, translation is target-specifically repressed without the target mRNA degradation (19) . Recent studies have revealed that RISC is at least composed of Dicer, Ago2, and the double-strand RNA binding protein TRBP, and RISC efficiently processes pre-miRNAs to mature miRNAs (20) . Furthermore, RISC more efficiently cleaves target mRNAs by using the pre-miRNAs than the duplex miRNAs that do not have the stem-loop. These results suggest that miRNA processing by Dicer, assembly of the mature miRNA into RISC, and target RNA cleavage by Ago2 are coupled. Compared to the RNA cleavage mechanism by Ago2, the translational repression mechanism by miRNAs had been poorly understood. Recently, it was revealed that the target mRNAs binding to RISC through partial base pairing are accumulated in the cytoplasmic foci referred to as processing bodies (P-bodies) (21, 22) . P-bodies, in which the mRNAs are stored or degraded by the decapping enzymes and exonucleases, do not contain the translational machinery (23) . Furthermore, the disruption of P-bodies by the silencing of GW182, a key protein in P-body, inhibits translational silencing in not only partial base pairing but also perfect base pairing (24) , although the localization of target mRNA with perfect base pairing is not detected in P-bodies (21) . These results suggest that, at least in part, translational repression appears to be caused by the recruitment of target mRNAs to P-bodies. However, whether localiza- tion of the RISC-target mRNA complex in P-bodies is a cause or a result of the translational repression and whether the target mRNA cleavage by RISC occurs in the cytoplasm or P-bodies remain controversial issues.
Cell differentiation
Increasing evidence indicates that miRNAs have distinct expression patterns among tissues and cells in different differentiation stage (25) . It is reported that overexpression of miR-124, which is preferentially expressed in brain, shifted the gene expression profile of HeLa cells towards that of the brain. Similarly, overexpression of miR-1 shifted the expression profile towards that of the muscle in that miR-1 is preferentially expressed (25) . These results indicate that miRNAs play important roles in cell differentiation and characterization.
Recently, it was revealed that miRNAs also played critical roles in the differentiation of mammalian hematopoietic lineage. For example, miR-181 is preferentially expressed in the thymus and B-lymphoid cells of mouse bone marrow and promotes B cell differentiation by overexpression in hemapoietic stem / progenitor cells (26) . Conversely, overexpression of the miR-181a, one member of the miR-181 family, was reported to repress megakaryoblast differentiation in humans (27) . By the induction of megakaryoblast differentiation, the expression of endogenous miR-181a is downregulated through the acetylcholinesterase, protein kinase (PK) C, and PKA cascade. The expression of miR-130a is also downregulated by the induction of megakaryoblast differentiation (28) . miR-130a targets the transcriptional factor MAFB that is a transcriptional activator of GPIIB, an important protein for platelet physiology. Furthermore, miR-223 is upregulated by the retinoic acid-induced replacement of NFI-A with CCAAT / Enhancer binding protein (C / EBP) α, and promotes human granulopoiesis (29) . As miR-223 repressed NFI-A translation, the upregulation of miR-223 by C / EBPα and granulopoiesis further accelerated through positive feedback by miR-223.
Cancer
It has been revealed that the change of miRNA expressions contributes to the initiation and progression of cancer. More than 50% of miRNAs are located in cancer-associated genomic regions or in fragile sites (5) . The expression of miR-15a and miR-16, which locate as a cistronic cluster at 13q14, is deleted or decreased in most cases (approx. 68%) of B cell chronic lymphocytic leukemia (B-CLL) (6) . Both these miRNAs negatively regulate the expression of B cell lymphoma 2 (Bcl2), that is reported to be expressed in many types of cancer including leukemias, and inhibit cell death (7). Overexpression of miR-15 and miR-16 in the MEG-01 cell line actually induces the apoptosis. Inversely, one cluster of miRNAs, miR-17 -92 polycistron, was found to increase in the cancers such as B-CLL (8) . The expression of six miRNAs in this cluster is upregulated by c-myc, whose expression and / or function are one of the most common abnormalities in human cancers, and miR-17-5p and miR-20a included in this cluster negatively regulate the expression of transcriptional factor E2F1 (9) . Furthermore, mice reconstituted with hemotopoietic stem cells overexpressing miR-17 -19b exhibit accelerated c-myc-induced lymphomagenesis (8) . Furthermore, it was revealed that miRNA expression profiles enable researchers to successfully classify poorly characterized human tumors that can not be accurately classified by mRNA expression profiles (10) . These results show the possibility that miRNAs have clinical benefits as not only therapeutic targets but also a tool for cancer diagnosis.
Drug discovery
miRNAs are expected to be potential targets of therapeutic strategies applied to drug discovery for a number of reasons. Firstly, in addition to the initiation and progression of tumor, miRNAs play critical roles in various biological pathways such as differentiation of adipocyte and insulin secretion and diseases such as diabetes and hepatitis. Therefore, the possibility that various human diseases are caused by abnormalities in miRNAs is indicated. Actually, miR-15 and miR-16 have been deleted or decreased in most cases of B-CLL and are identified as tumor suppressor genes (6, 7). Secondly, miRNA expression profiles are correlated with clinical severity of cancer malignancy, and because of this, miRNAs are expected to be powerful tools for cancer diagnosis (10) . Thirdly, miRNAs are applicable in gene therapy. The expression of miRNAs can be introduced in vivo by using viral vectors and chemical modifications. Finally, antisense oligonucleotides are potent inhibitors of miRNA, and they can be applied to gene therapy. Actually, it was reported that introduction of 2'-O-methoxyethyl phosphorothioate antisense oligonucleotide of miR-122, which is abundant in the liver and regulates cholesterol and fatty-acid metabolism, decreases plasma cholesterol levels and improves liver steatosis in mice with diet-induced obesity (30) . These findings indicate that miRNAs and the antisense oligonucleotides are potential targets for drug discovery.
Perspective
It has been established that miRNAs play critical roles in cell differentiation, proliferation, and apoptosis, and the abnormalities of specific miRNA expression contribute to the initiation and progression of tumor. However, identification of target mRNAs negatively regulated by miRNAs remain largely to be explored. Although up to hundreds of target genes toward a single miRNA were predicted by bioinformatics approaches (4), there is no comprehensive assay to biologically validate the prediction algorithm. Therefore, establishment of a method to comprehensively and rapidly identify target mRNAs for the miRNA is necessary for understanding biological and functional mechanisms of miRNA.
